Infectious virus assays and PCR amplification of DNA and RNA were used to investigate herpes simplex virus DNA replication and gene expression in two murine in vitro models for virus reactivation. We examined latent infections with wild-type (wt), precisely defined latency-associated transcript-negative (LAT-) mutants, and LAT+ rescuants of these mutants of the 17syn+ strain of virus in both murine trigeminal and lumbosacral ganglia and of the KOS(M) strain in the latter. In explants of ganglia latently infected with the LAT-mutant of strain 17syn+ virus, a reduction in number of cultures exhibiting cytopathic effects due to virus reactivation and measurable delays in virus recovery were observed compared with wt or the LAT+ rescuant. This LAT-specific effect was not seen in explants of lumbosacral ganglia latently infected with mutants derived from the KOS(M) strain of virus. Although there was appreciable variation between individual animals, no significant difference between LAT+ and LAT-virus in time of onset of viral DNA replication in explanted ganglia was seen with use of either virus strain. There was a slight decrease in the relative amount of viral DNA recovered compared with internal cellular controls in latently infected ganglia harboring the LAT-mutant of 17syn+ compared with the wt virus or the LAT+ rescuant. This reduced relative amount ranged from 0 to as much as 50% but averaged 20%. Such differences were not seen in infections with KOS(M)-derived mutants. In contrast, although expression of productive-cycle transcripts could be detected within 4 h following explant cultivation of latently infected ganglia, no differences between LAT+ and LAT -viruses could be seen. As discussed, these data place specific constraints on possible models for the role of LAT expression in in vitro reactivation systems.
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The alphaherpesviruses are neurotropic and establish latent infections in sensory ganglia (8, 36) . Many of these viruses, including herpes simplex virus types 1 and 2 (HSV-1 and -2), pseudorabies virus, and bovine herpesvirus, express a very limited region of their genomes during this latent phase of infection. To date, the best-characterized example is HSV-1, for which such transcripts are termed the latency-associated transcripts (LATs) (14, 29, 37, 44, 45) . These transcripts are expressed as a single 8.5-kb primary transcript from which 2-and 1.4-kb stable introns and (presumably) unstable processed forms are derived (10, 12) .
In humans and several in vivo models, reactivation of HSV results in the appearance of infectious virus at the site of initial primary infection (8, 15, 17, 18, 23, 33, 35, 36) . It is generally agreed that LAT expression has a significant role in this phenomenon, but the precise mechanism of this involvement is unknown (2, 3, 13, 19, 24, 31, 34, 43) . Although described (6, 32) , murine models for efficient in vivo reactivation of HSV-1 have been generally difficult to exploit; however, infectious virus can be recovered with high efficiency upon explant and culture of latently infected murine sensory ganglia. Such explant cultivation has been extensively used as an in vitro reactivation model to take advantage of the relative convenience of murine latency models. Although the efficiency and/or kinetics of virus recovery have been shown to be influenced by LAT expression in several laboratories (2, 3, 24, 34), many basic parameters of the system, including details of viral genome transcription and replication as well as the influence of virus strain and anatomical site of latent infection, remain unknown.
In this report, we have described the results of a careful comparative analysis of two in vitro murine models of reactivation of HSV from latent infection: the eye model, in which latent virus can be recovered by explant cultivation of trigeminal ganglia, and the footpad infection model, in which virus establishes latent infection in murine lumbosacral ganglia. We have used the wild-type (wt) KOS(M) and 17syn+ strains of HSV-1 as well as precisely defined LAT-mutants and LAT+ rescuants of these mutants in these studies. In agreement with reports from other laboratories, we observe a slight but significant delay in the recovery of infectious virus from trigeminal ganglia infected with the LAT-mutant of the 17syn+ virus compared with ganglia infected with either the LAT+ rescuant or wt. This delay was also observed in explant cultivation of murine lumbosacral ganglia latently infected with 17syn+ but not with KOS(M) mutants.
We also have begun a careful molecular analysis of HSV-1 DNA replication and gene expression especially with respect to LAT expression in these two murine model systems, using the sensitivity of the PCR. We measured the recovery of HSV DNA in latently infected ganglia relative to the recovery of two single-copy cellular genes, the adipsin and actin genes. Although there was appreciable variation between individual animals in signal strength for HSV DNA detected, a net increase in the relative amount of viral DNA compared with cellular DNA could be reproducibly detected within 48 h following explant. In contrast to the results of virus recovery assays, we detected no time difference between LAT+ and LAT-viruses in the onset of viral DNA replication in explants of either trigeminal or lumbosacral tissue. In ganglia infected with the 17syn+ virus, however, at time of explant averaged about 80% of the ratio seen with LAT+ infections; this difference was not seen in dorsal root ganglia latently infected with KOS(M) virus.
Productive-cycle transcripts could be also be detected with PCR no more than 4 h following explant of either trigeminal or lumbosacral ganglia latently infected with both the LAT+ and LAT -genotypes of either virus used. Because of these results, it seems possible that differences in viral recoveries seen in the assays described above are related to numbers of neurons latently infected and not to a role of LAT in in vitro reactivation per se. The accompanying report compares and contrasts these observations with those obtained in an in vivo rabbit reactivation model (4 hemisphere. Virus titers in brains were determined as previously described (42) . Briefly, at the times indicated, three mice inoculated with each virus were killed, and their brains were removed and frozen at -70°C. The brains were then homogenized as a 10% (wt/vol) suspension and centrifuged for 5 min at 3,000 x g at 4°C. The resulting supernatant was assayed for virus on rabbit skin cell monolayers. Latent infections and explant reactivation of murine sensory nerve ganglia. General methods have been described elsewhere (39, 40, 46 
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"The topmost primer in each pair is the upstream (mRNA sense) primer; the bottom is the downstream (mRNA antisense) primer. Primers were chosen by use of a computer algorithm described elsewhere (25) .
h Locations are based on the complete sequence of the 17syn+ strain of HSV-1 (26) . Only the locations in the long and short internal repeats are indicated for LAT and oc4 genes.
' Size of product for spliced primary transcript; unspliced transcript will yield a 2,099-bp product.
10% of the total extracted RNA or 5% of the total DNA sample for 30 cycles, using Nucleic acids were prepared for amplification as follows. Samples of the total DNA extracted from tissue were used directly in a 100-,ul reaction mix. For cDNA amplification of RNA, total RNA from saimples was subjected to oligo(dT)-primed cDNA synthesis, using reverse transcriptase and buffers supplied with the Invitrogen (San Diego, Calif.) cDNA cycle kit. In some control experiments, cDNA was generated from random hexamer primers. Direct RNA PCR was performed as recommended by the supplier, using a GeneAmp RNA PCR kit (Perkin-Elmer Cetus). RNA was reverse transcribed with recombinant Taq DNA polymerase, using the antisense primer at 70°C in the presence of MnCl2, and the amplification procedure was carried out on this cDNA by adding upstream primer and MgCl2 after chelating the Mn2+ ions.
Specificity of amplified DNA product was confirmed by hybridization of Southern blots of PCR products. Blotting and basic hybridization methods have been described elsewhere (41, 46, 47) . Specific probes were oligonucleotides whose sequence was within the amplified product; nonspecific probes were oligonucleotides with sequences representing another amplified gene.
RESULTS
Recovery of virus from explanted latently infected murine ganglia. Previous studies by us and others have demonstrated that LAT-mutants replicate and are as neurovirulent as their LAT+ parents or rescuants (reviewed in references 29 and 45) . Specific experiments comparing multistep replication of wt, APst(LAT-) mutant, and LAT+ rescue viruses following low-MOI infection in mouse embryo fibroblasts in vitro and mouse brains in vivo are shown in Fig. 1 . Growth properties of the viruses are identical under both conditions; thus, the PFU/50% lethal dose ratio calculated with the formula of Reed and Muench (28) for the KOS/29(LAT-) mutant was 180 ± 45, and that for the KOS/29Pr(LAT+) rescuant was 200 ± 45. Similar data were obtained with 17APst(LAT-) and 17Pr(LAT+) viruses; the ratios were 40 ± 20 for 17APst-(LAT-) and 60 ± 20 for 17Pr(LAT+) virus.
We measured the appearance of infectious virus in explanted ganglia latently infected with the APst(LAT-) mutants, the LAT+ rescuants, and wt variants of both the KOS(M) and 17syn+ viruses. Although there was variation between individual experiments, within a given experiment, no difference could be seen either in the time of appearance of infectious virus or in the number of positive ganglia in cultured lumbosacral ganglia infected with wt, LAT+, and LAT-KOS(M) virus ( Fig. 2A and B) . In contrast to these results, fewer spinal ganglia from mice infected with 17APst(LAT-) reactivated, and the time of appearance of cytopathology was delayed compared with explants of the LAT+ rescuant (Fig.  2C ). This effect was also seen in trigeminal ganglia (Fig. 2D) infection in cultured cells (44) . Primer sequences were derived from the sequence of the 17syn+ strain of HSV-1, but we experimentally confirmed the fact that these sequences detected DNA and RNA from the KOS(M) strain with equivalent sensitivity.
Finally, we also chose three primer sets to represent different portions of the primary LAT transcription unit: (i) a primer set specific for the 5' end (LAT-5'); (ii) a primer set bridging the splice donor and acceptor signals in the primary transcript which would produce a small product only from the spliced LAT species resulting from the generation of the LAT intron (10, 12) (LAT-exon); and (iii) a primer set specific for the 3' end near the polyadenylation signal (LAT-3').
PCR product specificity was assessed with cloned DNA fragments and confirmed by Southern blot hybridization of specific internal oligonucleotide probes to unlabeled products amplified from cDNA generated from RNA isolated from latently infected sensory nerve ganglia or productively infected cells. Oligonucleotides from the interior of the primer sets hybridized efficiently with the specific PCR product but not with products generated by other primer sets. Examples for LAT-3' and VP5 primer sets are shown in Fig. 3 . The LAT-3' product can be readily visualized in stained gels of amplification products of DNA and of cDNA generated from productively infected cells or latently infected ganglia (Fig. 3A) . Hybridization of the amplification product of plasmid DNA and cDNA from productively infected cells and murine ganglia with an oligonucleotide specific to the amplified region produced a readily detectable signal (Fig. 3B) ; however, hybridization with an oligonucleotide specific to the LAT-5' amplified region did not (Fig. 3C) . The VP5 primer set amplified cloned DNA and cDNA generated from RNA isolated from productively infected cells but not latently infected ganglia (Fig. 3D) . Hybridization with the nonspecific oligonucleotide was negative (Fig. 3E) .
The sensitivity of the PCR primers as semiquantitative probes was measured directly and indirectly. Direct measurement was carried out by limiting-dilution analysis of cloned DNA standards. As has been reported by many others (22, 30; reviewed in reference 20), different primer sets display different sensitivities for detecting limiting amounts of DNA. Within a narrow range of concentrations of HSV DNA, signal intensity could be roughly correlated with amounts of DNA present; however, the response was often not strictly linear. For this reason, quantitation of PCR signal intensities could only be estimated. Summary data for several primer sets are shown in Table 2 , and specific examples for which cloned KOS(M) DNA standards were used are shown in Fig. 4 . With most primer sets, the amplification product from 0.02 pg (2 x 10--14 g) or less of cloned DNA sample subjected to PCR under our standard conditions of 30 '-, dilution was not measured.
were seen between either strain of wt virus and the APst-(LAT-) mutants. Also, no consistent differences were seen in any of the cell lines or with any PCR primer sets used. HSV DNA replication following explant of latently infected murine sensory ganglia. We used the technology described above to compare the time of onset of viral DNA replication following explant of murine ganglia which had been latently infected with wt, z\Pst(LAT-), or LAT+ rescuant virus. All experimental procedures were similar. Ganglia were removed from latently infected animals, and DNA was immediately extracted to provide a latent or zero-time control; companion ganglia were then incubated in culture for various times. DNA replication following cultivation was scored by detection of a C. significant increase in the intensity of the PCR signal compared with zero-time controls and quantitated by comparison with signals generated from cellular DNA. Primer sets specific for the murine adipsin (21) and actin genes were used for these controls. The two controls provided similar results, but the actin set produced considerably less background and could be coamplified with the HSV VP5 (UL19) primer set without interference. The actin primer set was as follows: sense, 5'-AAGATCTGGCACCACACCTT-3'; and antisense, 5'-CAAACATTATCTGCGTCATC-3'. This set generates a 124-bp product and was chosen from the published murine actin sequence (1) to represent positions in the murine actin gene equivalent to those in the rabbit actin gene used as a control for the in vivo studies described in the accompanying report (4, 16, 27 Fig. 6 .
In similar experiments (Table 4) , DNA replication could be readily detected by 48 (Table 4 ). This slight reduction in efficiency of establishment of latent infections by LAT-viruses derived from 17syn+ parents could be a factor in the delay and reduction in virus recovery seen in ganglia latently infected with LATvirus compared with LAT+ derivatives.
Detection and measurement by PCR of small amounts of HSV transcripts. We also assayed the expression of productive cycle HSV transcripts in explanted ganglia either by direct PCR amplification of total cell RNA or PCR of oligo(dT)-primed cDNA generated from such RNA. The same primer sets used for analysis of DNA replication (Table 1) were employed. Because the amount of viral mRNA present in infected cells varies with time following infection as well as with cell type and conditions of infection, we did not attempt to make quantitative conclusions concerning viral transcripts. As a measure of the sensitivity and specificity of the method, direct RNA PCR was carried out with serial dilutions of productively infected rabbit skin cell RNA. Aliquots of this infected cell RNA (200 ,ug in total) corresponding to the yield of 100 to 0.1 infected cell (20 ng to 200 pg of RNA) were diluted into 1-,ug samples of uninfected hamster or mouse brain RNA and subjected to direct RNA-directed PCR under standard conditions, and 20% of the product was analyzed by gel electrophoresis. Representative data are shown in Table 5 ; primer sets for LAT-5', a27 (ULS4), and UL19 transcripts detected viral RNA from as few as one infected cell. Other primer sets were capable of detecting viral RNA from at least 10 infected cells. The primer set for the spliced LAT product (LAT-exon) did not provide a signal at any dilution of total infected cell RNA used; however, a signal was detected with a sample containing 1 p.g of purified poly(A)+ RNA from productively infected cells (data not shown).
The utility of direct PCR for detection of viral RNA from small numbers of productively infected cultured cells was established as follows. Cultures of cells were infected with an MOI of 10-3 PFU of HSV-1 KOS(M), 17syn+, or the APst-(LAT-) mutant per cell, and whole cell RNA was extracted at various times following infection. An amount corresponding to RNA from 10 infected cells were then subjected to direct PCR. With all viruses tested, HSV RNA could be detected with the ct27 (UL54) primer set as soon as 2 h after infection, while the primer sets for VP5 and UL39 detected RNA by 4 h. RNase digestion of samples completely abolished the signal.
HSV transcription following explant reactivation of latently infected sensory nerve ganglia. Latently infected murine ganglia were cultured for various times following explant, and RNA was extracted for analysis by either direct PCR or PCR amplification of oligo(dT)-primed cDNA generated from the samples. The two methods gave equivalent results; however, the amplification of oligo(dT)-primed cDNA generally tended to produce less background signal.
Productive cycle transcripts could be detected in ganglia quite soon following explant. Results of an experiment using direct amplification are shown in Fig. 8A . Here, the immediate-early ct4 transcript could be detected by 2 h following explant of lumbosacral ganglia latently infected with wt KOS(M) virus, while the late (I3y) VP5 (UL19) transcript was detected by 4 h. The decrease in intensity of the UL19 signal in the 8-h sample was not seen in other experiments but illustrates the range of variation between various experiments. As expected, signals were completely lost when the samples were treated with RNase.
Since the LAT unit is active during latent infection, the ability to detect transcripts immediately upon explant with the primer set for the 3' end of the latent-phase transcription unit (LAT-3') was expected (Fig. 8A) . Similar results were seen with use of the LAT-5' probe; however, no signal was seen when the LAT-exon probe was used (not shown). Since some low-abundance late-productive-phase transcripts also terminate at the polyadenylation signal utilized by the latent-phase transcripts (5, 48), we cannot directly estimate how much of the signal seen with the LAT-3' primer set later after explant is due to continued LAT expression, but we have previously shown that the LAT promoter is active during productive infection in cell culture (10, 41) .
Amplification of cDNA and expression of the (x27 transcript are shown in Fig. 8B . In this set of experiments, the VP5 primer set provided a detectable signal as early as 1 h following explant, and a stronger signal was detectable at 2 h and later. (RNAse) detectable by 4 h following explant of ganglia latently infected with wt, KOS/29(LAT-), and KOS/29Pr(LAT+) viruses, and the signal was significantly stronger in samples of RNA isolated at 36 h postexplant. This result is consistent with the timing of viral DNA replication shown in Fig. 6 and 7 . In trigeminal ganglia latently infected with wt l7syn+, 17APst-(LAT-), or 17Pr(LAT+) virus, productive-cycle transcripts such as cr27 (U,_54) mRNA were also observed by 4 h following explant (Fig. 9B) . In other experiments (not shown), we determined that no product was seen with use of the LAT-5' or LAT-3' primer set to amplify RNA isolated from ganglia latently infected with LAT virus, the LAT 5' signal intensity did not change over time in explants of ganglia latently infected with wt virus, and tissue recovery was shown to be essentially B. 
DISCUSSION
The results of the experiments described in this report establish some of the basic molecular parameters of the murine in vitro explant model for HSV reactivation. Our results can be summarized as follows. (i) With wt, LAT-, and LAT+ rescuants of such mutants of HSV-1 strain KOS(M), no significant difference in the time of appearance of infectious virus in explant cultivation of latently infected murine lumbosacral ganglia was seen; however, there was a clear delay of recovery of the LAT-strain of 17syn+ virus from explanted trigeminal or lumbosacral ganglia (Fig. 2) . This delay is similar to that reported by others in murine explant reactivation models (3, 24, 34 (Fig. 6 and 7) . The intensities of viral DNA signals in latently infected neurons compared with our quantitative analyses suggest that we were amplifying on the order of 1,000 copies of viral DNA at the onset of explant cultivation for each PCR (compare Fig. 4, 6 , and 7). Given an upper limit of 10 (9); thus, the experimental system itself may also be critical. Further, although we cannot exclude dosage or the use of saline pretreatment as also being important, we do not favor this possibility because the levels of viral DNA isolated from ganglia latently infected with KOS(M)-derived virus mutants were similar to those seen in infections with 17syn+ mutants (Table 4) . We are in the process of examining strain-specific and dosage-dependent differences in greater detail.
As is shown in the accompanying report, the LAT-independent process of virus recovery in explanted murine ganglia displays both similarities with and differences from the LATdependent process occurring during induced reactivation in the rabbit model (4). It is not clear whether the different effects of LAT expression seen in these different animal models reflect fundamental differences between them or reflect a similar LAT-mediated restriction which has different manifestations in the two species. It is clear, however, that conclusions concerning the role of LAT expression in the reactivation of HSV from latency based on results with murine in vitro models should be generalized to in vivo models with caution.
